24 MS2 sites were bound. This quantification procedure was independently validated by using a laco/GFPlaci system for calibration of the GFP signal [13] . To exclude the possibility that clusters of mRNA molecules sparsely labeled with GFP were misidentified as single mRNA molecules, we performed in situ hybridization to a single target on the mRNA reporter [11] . Cells were simultaneously hybridized with a Cy5-labeled probe to a region between MS2 binding sites and a single Cy3-labeled probe to the LacZ portion of the mRNA. GFP, Cy5, and Cy3 were detected concurrently in single cells, allowing quantification of the number of probes colocalized with individual GFP particles [11] . Analysis of 125 multicolor particles in 5 cells showed that the majority of multicolored particles were single molecules, containing 1 Cy3 probe and 8 MS2 probes ( Figure 1G ). This validates the independent conclusion, from the analysis described above, that the majority of the GFP-labeled mRNA particles detected in the cytoplasm contained a single RNA molecule. There were a small number of GFP particles containing more than a single RNA molecule present in every cell. The single-molecule GFP particles were distinct from the RNA "granules" observed in a variety of cell types, which are much brighter and larger and, although not quantitated, apparently contain multiple RNA molecules [5, 8, 14 -18] .
The movements of the single mRNA particles were recorded in living cells at a rate of nine images per second. This high frequency was required because some mRNA molecules exceeded 1 m/s (see below). The mRNAs contained the coding sequence of LacZ, the MS2 sites, and the 3Ј UTR of either the human growth hormone gene or SV40 (reporters LacZ-24-hGH and LacZ-24-SV, respectively). These 3Ј UTRs are commonly used for RNA stability and do not contain any localization sequences [2]. They are therefore representative of mRNAs that should be homogeneously dispersed throughout the cell.
These reporters exhibited four types of motility within a single living cell (Figures 2A and 2B ; see the Movies in the Supplementary Material available with this article online). Each category was calculated by examination of a large number of independent series in cells that were stationary for the observed time period (Table S1 in the Supplementary Material, LacZ-24-hGH and LacZ- a single direction. Among these, some particles moved about a central position, while others displayed a diffusive pattern of movement The diffusion coefficients of all nonstatic, nondirected mRNAs were extrapolated to determine if the movement of the particles followed a simple diffusion model (x 2 ϭ 4Dt). The mean displacement (x) was calculated by using both a short and a long time scale (0.111 and 10 s, respectively). The diffusion coefficients (D) for short times were similar among all particles examined (about 1 ϫ 10 Ϫ9 cm 2 /s, Table S2 in the Supplementary Material). In contrast, long-range diffusion coefficients fell into two distinct groups, fast and slow. The diffusion coefficient of the slow group was one-third that of the fast group, indicating restricted diffusion. Displacements of particles with slow long-range diffusion coefficients were essentially unchanged at 25ЊC, confirming that these movements were due to diffusion. Such restricted diffusion resembled the corralled behavior described in studies of A2RE mRNA granules and neural cell adhesion molecules [19, 20] , where particles are able to diffuse until they reach a limiting distance and then change direction. Thus, nondirected, nonstatic particles that showed a slow diffusion coefficient over long time periods were called "corralled" (40%-41%), and the remainder of the nonstatic, nondirected particles were called "diffusional" (15%-25%). assessed by quantitative in situ hybridization. Fifteen percent of the reporter mRNA was retained in the cell directed trajectory was analyzed in detail. The net disafter triton extraction ( Figure 3A ). This value is lower tance traveled by each directed particle ranged from than the 40% of static particles we observed, but some 1.5 m to 6.5 m, with a mean of 2.6 m. The average mRNA anchored on the cytoskeleton may be lost during velocity of directed particles was nonrandom, with a permeabilization. To further examine the association of peak between 1 and 1.5 m/s ( Figure 2C ). For the longest the reporter mRNA with the cytoskeleton, and to deterdistances, instantaneous velocities at various intervals mine which type of filament could be involved, microtuwere relatively constant during movement (data not bules and microfilaments were disrupted. Destruction shown). The remaining particles moved significantly but of microtubules by colcemid (Table S1) or nocodazole (not shown) had a strong effect: the number of static never accomplished more than 1.5 m continuously in posed on microtubules (12 out of 21), suggesting that they were indeed anchored there (Figures 3B and 3D) . Importantly, we could occasionally observe an mRNA molecule moving along the projection of a single microtubule ( Figure 3C ). Particle movements were not always directly centered on the microtubule, which could be due to a significant distance between the GFP and the motor binding sites on the mRNA reporter or the presence of an adaptor protein between the mRNA and a molecular motor.
Microfilaments were disrupted with swinholide, an actin polymerization inhibitor [21] . Following a 2-hr treatment, altered cell morphology made the mRNA particles difficult to track, though mRNA appeared more mobile. The fraction of static particles decreased to 13%, while that of corralled particles was not affected; the number of diffusing particles increased correspondingly to 42% (Table S1 , GH/Swh). Altogether, these data indicate that, in Cos cells, microtubules are actively involved in mRNA movements and that either actin filaments or microtubules can anchor mRNAs.
It was then possible to compare these results with the presence of a specific "zipcode" sequence on the dynamics of single molecules. The zipcode sequence is responsible for ␤-actin mRNA localization to the peripheral cytoplasm, such as the leading edge of fibroblasts [2] or the growth cone of axons [22] . Following insertion of the zipcode into the reporter mRNA, significantly more cytoplasmic particles could be seen moving, and these showed longer linear movements (as ization, ZBP1 [23] .
We also investigated whether the zipcode-containing reporter also used microtubules for movement. Followparticles decreased by more than half, the number of ing transfection of Cos cells with CFP-tubulin, MS2-YFP, corralled particles decreased by 30%, while the number and the LacZ-24-␤act reporter, we observed that the of diffusional particles increased over 3-fold (Table S1, is 2.7 m (particle speed ϭ 990 nm/s).
Targeting of "housekeeping" mRNAs to sites distant from the nucleus may ensure that these mRNAs distribswitch among a variety of possible movements (static, ute throughout the cell and synthesize products necesdirected, or diffusional) with specific probabilities for sary for cellular organelles. RNAs containing the ␤-actin mRNA "zipcode" [2] also each, depending on the sequences involved. 
